ABSTRACT: Several different composite bolted joint analysis programs are now available to composite structures designers. All of the programs vary widely in the amount of input required, output received, and required user knowledge of composite materials. Six different bolted joint analysis programs will be examined. The various programs are (1) A4EJ, (2) BJSFM, (3) SASCJ, (4) SAMCJ, (5) SCAN, and (6) JOINT. Other analysis programs exist, but they apply many constraints on the problem definition and depend heavily on empirical test results. The relative merits of each program as well as their disadvantages will be discussed. The most appropriate applications of each of the programs will be presented, and some numerical comparisons of the results will be made. Each of the programs has a useful place in the design and analysis arena. An examination of the programs will be made to help users determine which program will best suit their needs.
Introduction
Composite materials possess both the qualities of light weight and high strength. Lightweight composite structures must be efficiently designed to take full advantage of their qualities. Building structures with composite materials is very different from building strictly with metals. Although composites offer high strength with less weight, an inefficiently designed composite structure can easily weigh more than an equivalent metal structure. Joints are key elements of composite structures and are the weakest links in the overall performance of a structure. Composite joints can cause problems because of delamination, anisotropy, absence of ductility and environmental effects when they are not properly designed. Methods of joining metal to composite and composite to composite in substructure is an area of increased emphasis [1] .
The two most common ways of joining composite structures are adhesive bonding and bolting. Both joining methods have advantages and disadvantages associated with them. Bonded joints have their place in structures, but they have problems such as debonding, susceptibility to impact damage, higher construction costs, and inaccessibility after construction. Bolted joints also have problems that must be accounted for such as bearing failures, bolt pullout, and delamination. Bolted joints are generally capable of carrying higher loads than an equivalent bonded structure. Bolted joints also tend to weigh more than bonded joints but for major structural components, the extra weight is worth the added strength. For major structural components, the joints are usually bolted together. Mechanically fastened joints can provide structures that are more reliable, maintainable, accessible, and cost effective. When properly designed, composite layups and joints can be tailored to efficiently carry the structural design loads.
With the high costs associated with designing and testing composite materials, methods of analytically determining the strength of composite structures have been developed. Analytical methods are preferred because of their potential for generality, economy, and exactness, and are principally formulated from two-dimensional anisotropic elasticity theory. An examination of the analytical methods used to determine the strength of bolted composite joints will be performed. All of the analysis methods for bolted joints are in use in industry today [2] .
Joint Analysis Code
JOINT is a composite joint analysis code developed by the Douglas Aircraft Company from 1976 to 1978 [3] . The code is capable of analyzing both bonded and bolted joints from an interactive graphics terminal. JOINT is based on a simplified theory that relies on empirical test data for its simplicity. JOINT is capable of analyzing the following types of joints: balanced double-lap, supported single-lap, stepped-lap, and unsupported single-lap. The code is capable of performing a limited type (brute force, trial, and error) of joint optimization on the following types of infinite width bolted joints: double-lap, supported single-lap, and unsupported single-lap. For the optimization, the code determines the number of bolt rows, bolt diameter, bolt spacing, and joint thickness for the lightest joint that will carry the applied load. The coupling effects of the bolt rows has been neglected, which can cause severe error for some types of joint analysis.
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The analysis is performed for an infinite width plate with a specified bolt spacing through the width of the plate. The JOINT analysis code makes several simplifying assumptions in the analysis. Test data must be used to obtain stress concentration relief data for the composite plates. After the experimental data are obtained, the stress concentration factors are found. These concentration factors are used to determine the stresses in the plate. Only uniaxial loadings can be applied to the joint. JOINT is not capable of analyzing compressively loaded joints, and the analysis assumes that the fasteners do not fail. For all of the different types of joints the JOINT program can analyze, the following restrictions apply
The stress concentration factors, K,1 and Ka, are derived from test data. K,1 and Ka are functions of the diameter of the bolt holes and widthwise bolt spacing w. The constants in the functions are determined for an AS/3501-6 graphite epoxy composite with different percentages of 0 ° plies. The code only has the concentration factors calculated for composites with 25 and 37.5%, 0 ° plies. The bolt load distribution depends on the bolt and joint flexibility, but bolt torque-up and bolt type are not accounted for. The code allows four different failure modes: (1) tension at the hole, (2) bolt bearing, (3) bolt shear, and (4) shear tear-out. The bearing stress is determined differently for each type of failure. With the bending stress equal to cr~ = 6Mo/f
Other limitations are
• choice of two bolt materials, joint load limitation of 40 000 lb (18 144 kg)
• choice of two composite layups, limitation on the number of bolt rows For a double-lap configuration, the thickness of the two outer splice plates must be one-half the thickness of the center plate. A stepped lap joint configuration assumes that the bolts are at the center of the steps. Varying step lengths, bolt diameters, and lengthwise spacing between bolts can be specified. All bolt row coupling effects are neglected and the bolts are assumed to be lined up one behind the other. For an optimization problem, the bolts must be the same size for every bolt row. Bolt row spacing is assumed to be uniform for the whole joint. In summary, the code applies quite a few constraints to problem definitions and has a limited analysis and data output capability. Problems do run very quickly, which allows many design iterations to be performed in a short period of time.
A4EJ Analysis Code
A4EJ is a composite bolted joint analysis code developed by the Douglas Aircraft Company from 1979 to 1981 [4] . A4EJ has the capability to analyze multi-row joints having a nonlinear loaddeflection characteristic for the fasteners, and linear or RambergOsgood characterizations of the adherends. A4EJ accounts for nonlinearities in the joint because of (1) fastener load-deflection characteristics, (2) fastener clearance, (3) elastomechanical deformation of the members between the fasteners, and (4) interaction between bearing and bypass loads. A4EJ is based on continuum mechanics techniques, requiring shorter computer run times than finite-element modeling techniques. A4EJ provides a detailed definition of the internal load transfer within a joint and requires a large amount of input data.
The load transfer through the fasteners within a joint is characterized in terms of the relative displacement between the members at each fastener station. A4EJ assumes a bilinear elastic load deflection curve. The known boundary conditions are at both ends of the joint. The problem is solved iteratively by starting at one end of the joint and assuming a value for an unknown quantity. The user can assume the total joint strength or the SNYDER ET AL. ON BOLTED JOINTS ANALYSIS PROGRAMS 43 displacement at the first fastener induced by a specified load. By calculating progressively along the joint and satisfying both equilibrium and compatability requirements, the reactions at the other end of the joint can be determined. The initial assumption can be modified until all the boundary conditions are satisfied at both ends of the joint. The initial assumption must be very close; otherwise the solution will diverge. Figure 1 shows how the typical equations for each step of the joint are established. The conditions of equilibrium for Member 1 between stations k and k + 1 are ~'~l(k+l ) : Tl(k ) --P(k)+ pll(k) (10) Similarly for Member 2
Figure i shows a joint in single lap shear. In a double shear joint, the two portions of Member 1 or 2 would be combined and the fastener load P would be changed from single to double shear values. To make sure the analysis complies with compatability requirements, the mechanical and thermal properties of the members must be used. The user must input the stiffness of each member between each adjacent pair of fastener stations, allowing variations in width and thickness. Provisions are also made for thermally induced strains. The nonlinear load-deflection behavior of materials is accounted for by using the Ramberg-Osgood model for loading beyond the material proportional limit. The extension of the members between stations k and k + 1 is given by
Any running load is applied uniformly along the length of the joint, and in calculating the strains, the deformation is that which would be associated with the average member load in each segment. The average loads causing the stretching of each member between stations k and k + 1 are
The corresponding stresses are
For linear elastic materials, the equivalent strains would be are assumed to be evenly spaced throughout a row. A specific plate loading can be input, and A4EJ can account for running shear loads, but biaxial loadings cannot be specified. Boundary conditions can be input but are not required. A4EJ does not (15) output the specific mode of failure, but the mode can be determined from the failure location and loads. A4EJ is not capable of calculating stress distributions around fasteners. A4EJ is effective in analyzing multi-row bolted joints; however users encounter difficulties in obtaining and inputting the required data.
SASCJ Analysis Code

SASCJ is an acronym for Strength Analysis of Single Fastener Composite Joints. The code was developed by the Northrop (17)
Corporation from 1983 through 1985 [5, 6] . As the name implies, the code can only perform an analysis on single-or double-lap joints connected with one fastener or plates with an open hole. SASCJ has the capability to perform a two-dimensional analysis of a finite bolted composite plate. The two-dimensional stress (18) field in the finite bolted plate is expressed in terms of an Airy stress function, F(x,y), that automatically satisfies the equilibrium equations in the plate. The displacement solution satisfies the compatability equations when
For ductile materials, the Ramberg-Osgood model is incorporated and the equivalent strains are calculated to be
After determining the member strains, the relative displacement between the members at the next station is
as shown in Fig. 1 . This allows a new increment of fastener load transfer to be evaluated. After computing the bearing and bypass loads at each station, the failure criterion are checked to see if the combination of the two loadings is capable of causing joint failure. A4EJ requires the user to input a relatively large amount of empirical data for the materials that are being joined. The input of the data is not user friendly, requiring formatted, noninter- where the matrices ~ and N are the in-plane strains and stress resultants, respectively, in an anisotropic plate. The complex stress function can be written as
The complex stress functions F~(zl) and F2 Using the complex stress function the complex functions dF~ dFz
are introduced. The above equations lead to the following expressions for stresses and displacements in the plate
where p,, p2, q~, and q: are defined as
The complex functions, +1 and +~, automatically satisfy the governing equation. For a finite geometry problem with specified boundary conditions, the complex functions cannot be solved so a Laurent series expansion is used 
n=l Mapping functions are incorporated into the expansions to make the series converge faster. The rigid body rotation constraint and single valuedness of the displacement constraint are imposed on the complex functions. The complex coefficients of the series expansions are determined, and the displacements and stresses can be calculated using Eqs 27 through 31. To get an accurate solution, approximately 100 collocation points are used in the expansion at the hole boundary. These points are sufficient to recover the imposed boundary conditions at the edges of the plate and at the hole boundary. With an open hole the imposed boundary conditions are self-equilibrating. With a loaded hole, a cosine bolt load distribution is assumed for the hole boundary. This bolt load distribution is equilibrated to the imposed externally applied loads. The bolt in a loaded hole plate is modeled as a Timoshenko beam on an elastic foundation. A finite-difference approximation of the governing equation is used to determine the loading distribution and displacements on the plate.
SASCJ uses a progressive failure procedure that predicts local ply failures and combines them to get the plate strength. The SASCJ analysis code considers many of the complexities of composite bolted joints. The symmetry of a double-lap shear problem is taken into account in the problem to reduce the amount of input required and computation time. Bilinear elastic ply behavior is assumed. No fastener friction effects are taken into account in the code, but an approximation to the fastener and plate contact is incorporated by an assumed radial stress distribution. The user must specify a bypass ratio for the joint. The bypass ratio is the ratio of load carried by the plates to the load carried by the fastener. This quantity is dependent on how much torque is applied to a fastener when it is tightened. An edge distance to bolt diameter ratio must be greater than 3, and the plate width to bolt diameter ratio must be greater than 4. SASCJ allows for protruding and countersunk head fasteners. The only difference the analysis makes between the two types of fasteners is in the determination of the boundary conditions for the bolt. The protruding head fasteners are given fixed boundary conditions at both ends. The countersunk fasteners are given a free boundary condition at the countersunk head and a fixed boundary condition at the bolted end. The analysis assumes that the fasteners do not fail. The failure criteria are checked at locations specified by the user. The input data for the failure criteria depends on the failure option chosen: point stress, average stress, maximum strain, or Hoffman/Tsai-ttill. The same failure prediction procedure is used for all of the plates in the bolted joint. The SASCJ analysis code outputs the following joint properties upon completion of the analysis: failure load, failure mode, joint loads at specified nodal points, and an echo of a limited amount of the input data. The SASCJ code at WrightPatterson AFB has been modified to output the stresses, strains, and displacements at the hole boundary at the failure load. The code cannot determine stresses in a joint for a given load but a tensile or compressive loading can be specified. The analysis accounts for the actual laminate stacking sequence and asymmetric laminates can be input. SASCJ considers fastener bending, torque, and shear in the analysis. For most cases, the code runs relatively slowly. SASCJ is a versatile code that can analyze most single fastener joints.
BJSFM Analysis Code
BJSFM was developed by the McDonnell Aircraft Company from 1978 to 1981 [7, 8] . BJSFM is an acronym for Bolted Joint Stress Field Model. BJSFM can predict stress distributions and perform failure analysis of an anisotropic double-lap plate with a single loaded or unloaded fastener hole. The analysis is based on (1) anisotropic theory of elasticity, (2) lamination plate theory, and (3) a failure hypothesis. The principle of elastic superposition is used to obtain laminate stress distributions as a result of the combination of bearing and bypass loading. The developed analysis can be used with various failure criteria to predict laminate load carrying capability. The derivation of the equations used in the BJSFM and SASCJ codes are identical up to Eq 35. BJSFM uses conformal mapping techniques to obtain exact solutions for an infinite plate with a circular hole and uniform stresses at infinity. A mapping function, used to map the circular boundary of radius b in the zk plane onto a unit circle in the ~k plane is given by 
The sign of the square root is chosen such that the hole is mapped to a unit circle. The equations used to this point contain complex stress functions qbl(Zl) and ~b~(z~), which for an infinite plate, will have the general form For the stress to be uniform at infinity, z 1 and z2 must be linear. Terms with In El and In ~2 are present whenever the resultant of the applied stresses on the circular boundary are nonzero. The aim and a2,, coefficients are used to satisfy the boundary conditions on the circular hole. Only the linear terms and the first coefficient of the summation are used for the unloaded hole solution. For the loaded hole solution, a radial stress boundary condition is specified, which varies as a cosine over half the hole. The linear terms in the above equations are not required because the boundary conditions at infinity result in stress free conditions since the finite force, which balances the bolt load, is applied to an infinite boundary. The long-term coefficients are determined by imposing single valued displacement conditions since the specified hole loading is not self-equilibrating on the boundary. The following simultaneous equations are given for the a, and a~ complex coefficients The above equations completely define the elastic stress distribution of an infinite, two-dimensional, anisotropic material containing a circular hole. Although the solutions are valid only for homogeneous materials, they are assumed to be valid for laminates that are symmetric. The laminate compliance coefficients A,k are derived using classical lamination plate theory with unidirectional material elastic constants, and ply angular orientations and thicknesses. The material compliance constitutive relations are used to determine the laminate strains. Strains for the individual plies along lamina principal material axes are calculated using coordinate transformations and by assuming that the laminate strain remains constant through the thickness. The principle of superposition is used to obtain stress distributions resulting from an arbitrary set of in-plane loads. The "characteristic dimension" hypothesis of Whitney and Nuismer [9] is used to model inelastic or nonlinear material behavior at the hole boundary. Various material failure criteria can be used with the characteristic dimension failure hypothesis. The failure criteria options are Tsai-Hill, maximum stress, maximum strain, Hoffman, and modified Tsai-Wu. Finite width has a significant impact on the circumferential stress distribution around a loaded fastener hole. Finite-width effects are evaluated by superimposing stress distributions from loaded and unloaded hole infinite plate solutions. The bolt load is reacted by tensile and compressive loads of P/2 in the loaded hole analysis. The loading on the bolt and overall equilibrium is obtained by superimposing the solution for an unloaded hole under a remote tensile loading of P/2. The resulting stress distribution approximates the state of stress in a plate with finite width very well. The distribution differs from an exact solution by giving nonzero superimposed normal and shear stresses at the edge of the plate.
BJSFM does not require the user to input a large amount of data, and the input procedure is user friendly. The data are input interactively, but if a mistake is discovered after a response to a prompt is already entered, the user must start over from the beginning. BJSFM has a very short turnaround time and offers a variety of output options and failure criteria. BJSFM can account for material anisotropy, general in-plane loadings (tension, compression, biaxiality, and shear bearing), and different hole sizes. BJSFM can also account for composites that are made of more than one type of material. Only mechanical properties for the basic unidirectional ply lamina are required to obtain strength predictions. BJSFM does not account for compressive or temperature effects, and has joint geometry restrictions. When inputting the plate properties, BJSFM uses the thickness of each ply orientation normalized by the total plate thickness. BJSFM views a joint as a single plate with an equivalent loading from a second plate. The properties and geometry of the second plate never enter into the analysis. Although BJSFM accounts for the percentages of plies of different orientations for composite materials, it does not account for the ply layup sequence. BJSFM can output stresses, strains, and displacements at fixed distances and angular locations about the bolt hole. BJSFM is a useful tool that can produce a significant amount of information about a problem.
SCAN Analysis Code
SCAN is an updated version of the BJSFM composite joint analysis code. SCAN is an acronym for: Stress Concentrations ANnalysis. The code was developed by the McDonnell Aircraft
Company from 1985 through 1986 [10,1I] . The code can only analyze joints connected with one fastener. Improvements have been made to the BJSFM code, which makes the analysis procedure closely match the SASCJ analysis. The analysis is based on anisotropic theory of elasticity, laminated plate theory, and a boundary collocation procedure. The SCAN and SASCJ analysis formulations are identical until the point where a Laurent series expansion is assumed for the complex functions +1 and +2. SCAN uses the following expansions 4,,(zl) = a, in zl + ~ a,,,z? by using a least squares boundary collocation technique similar to the one used in SASCJ. Using SCAN, the user can obtain the stresses at any point in a plate, given a set of internal and external boundary conditions. SCAN is capable of handling joints in a double-lap configuration. The code can analyze a single plate with an unloaded elliptical hole. SCAN can account for any quadrilateral plate shape, and bilinear elastic ply behavior is assumed. A limitation on the dimensions of the quadrilateral plate is that the aspect ratio of the plate must be less than 2. The code assumes the bolt bearing load acts in a cosinusoidal distribution over one-half of the bolt hole. No fastener friction effects are considered in the code, but their effects on the joint can be approximated. You can specify a bolt load, axial load, transverse load, and shear loading. The loads are given in terms of stresses applied to the plate edges and the bolt hole. SCAN, like BJSFM, considers the force of the bolt to be just an input force on the hole. Typically the input loadings, especially the bolt loading, can only be determined experimentally. The user must also know how much load is transferred through the bolt and how much is bypassed around the bolt. The failure criteria are checked at a characteristic distance specified by the user. The failure criteria options are as follows: maximum strain, maximum stress, Tsai-Hill, modified Tsai-Wu, and Hoffman. The failure criteria is used at the ply level.
The SCAN analysis code has many different output options. The user can print out laminate and ply stresses and strains, failure criteria, and failure stresses. The analysis does not account for the actual laminate stacking sequence, and asymmetric laminates cannot be specified. Instead of inputting the stacking sequence, the user inputs the percentage of plies for each different orientation. The code is strictly valid for homogeneous anisotropic flat plates and is assumed to be valid for mid-plane symmetric laminates. The user can input stress or displacement boundary conditions for a plate edge. The boundary conditions can be input as a constant or as a quadratic distribution over the length of the plate edge. To enforce equilibrium on a loaded hole joint, the bearing load P must be equal to the edge loading P,, divided by the plate width w. The user can input up to eight different ply angular orientations and can have up to three different materials for hybrid laminates. SCAN is a versatile code for singly fastened composite bolted joints. The code runs relatively fast compared to the SASCJ and SAMCJ codes and has many output options.
SAMCJ Analysis Code
SAMCJ was also developed by the Northrop Corporation from 1983 to 1985 [12, 6] . SAMCJ is an acronym for Strength Analysis of Multifastener Composite Joints. As the name implies, the code can analyze joints connected by multiple fasteners. In addition to this capability, the code can also effectively model a combination of loaded and unloaded holes and cutouts. SAMCJ also performs a two-dimensional analysis of finite bolted composite plates. SAMCJ is derived from SASCJ, so the basic analysis is the same. Many identical or slightly modified subroutines are used for both analysis codes. The main difference is that SAMCJ uses special finite elements to perform the analysis. The special finite elements include elements with loaded holes, elements with unloaded holes, regular plate elements, and beam elements to model the bolts. The user is required to input the geometry of the bolted joint, the type of elements, the material properties, loading condition, and fastener geometry. SAMCJ applies a 1-kip (4448 N) load to the joint and also applies the constraints. The code allows the user to take advantage of multiple elements with similar stiffness matrices to reduce run times. An average stress failure criteria is used for all joint types in SAMCJ. The failure criteria determines the joint failure load, the location of the failure, and the failure mode.
The SAMCJ analysis code has many of the same options as the SASCJ code. The code is capable of handling multiply fastened joints in a double-or single-lap configuration. The symmetry of a double-lap shear problem is taken into account to reduce the amount of input required and computation time. The code can not analyze a single plate with an unloaded hole, but it can analyze joints with only one bolt. A two-dimensional analysis is performed on any finite anisotropic joint. SAMCJ can account for finite geometries, which include cutouts, nearby free edges, and tapered or stepped plates. Bilinear elastic ply behavior is assumed. The code assumes the bolt bearing loads act in a cosinusoidal distribution. No fastener friction effects are taken into account, and there is no way to specify a bypass ratio in the SAMCJ code. The code internally calculates the bolt load distribution. The edge distance to bolt diameter ratio must be greater than 3. The plate width to bolt diameter ratio must be greater than 4. The user can specify a protruding or countersunk head fastener as in SASCJ. All of the fasteners are assumed to be made of the same material and are identical in type and size. The analysis assumes that the fasteners do not fail. The failure criteria are checked at locations specified by the user. The SAMCJ analysis code outputs the following joint properties upon completion of the analysis: failure load, failure mode, joint loads in the elements, element forces, and an echo of a limited amount of the input data. Like SASCJ, the code cannot determine stresses in a joint for a given load. The analysis accounts for the actual laminate stacking sequence and asymmetric laminates can be specified. SAMCJ accounts for fastener bending, torque, and shear. Run times for the analysis can be very long depending on the number of elements that make up the joint.
Comparisons and Recommended Usage
The authors decided to examine and compare the six composite bolted joints analysis codes by performing analysis on various types of joints using as many different codes as possible. We began by selecting various joint test cases for which data from actual experimental strength tests already existed. A test program of joint geometries, which had already been experimentally tested in Refs 5 and 8, were compared to the calculations of each of the bolted joint analysis programs described above. Nine typical joint geometries were chosen to demonstrate some of the capabilities and limitations of each code. The assumptions that were made are as follows: (1) One of the plates being joined (inner plate for the double lap joints) is made of graphite/epoxy with the properties shown in Table 1 . (2) The outer plate of each double-lap joint and one plate for single-lap joints is made of steel with the properties also shown in Table 1 . (3) The fasteners used for each joint are steel bolts with protruding heads. Some of the fasteners had bushings, but they were not accounted for in the analyses. (4) The fasteners were assumed to fit exactly, and no fastener clearance was considered. (5) No fastener torqueup effects were considered; however it was experimented with in adjusting the bearing/bypass loads for some of the analysis codes. (6) For the experimental tests, the average of the failure loads for each joint geometry is considered to be the actual failure load for that geometry. (7) All joint loadings are uniaxial. SCAN, SASCJ, SAMCJ, and BJSFM check for joint failure at a characteristic distance, which is away from the edge of the hole. The standard distance that was used for this effort was 0.02 in. (0.51 ram). For all joints with bolts that carry a toad, the bypass ratio plays a role in the definition of the problem. SASCJ requires the user to input the bypass ratio; SAMCJ, A4EJ, and JOINT internally calculate a bypass ratio. The SCAN and BJSFM codes require that the user know the bolt loading, which in turn implies the bypass ratio for the joint. For the SASCJ code, the bypass ratio was adjusted to get a feel for the correct bypass ratio. The actual bypass ratio is a function of bolt torque and is not accurately known. For the JOINT analysis code, the percentage of 0 ° plies was assumed to be 37% instead of the actual 50% because of the limitations of the code. Table 2 gives the laminate ply orientations for the three layups used. The following discussion gives an explanation of" the results summarized in Table 3 . 
Single Bolt, Double Lap
All of the codes except A4EJ are capable of analyzing doublelap joints with a single fastener. Actually the JOINT analysis code is not capable of doing an analysis of a single bolt joint either because the code assumes an infinite width plate with uniform bolt spacing through the width of the plate. The JOINT analysis was included in this section to give the user a feel for how the capabilities of the code can be stretched.
If the bolt loading is already known from another analysis or through testing, and stress or strain displacement data are desired, then BJSFM and SCAN are the recommended codes to use. If the bolt loading is not known, the user can took at trend data or case studies to get a feel for how the joint is reacting to varying loading conditions. SASCJ should be used if you simply want the failure load of the joint for a particular bypass ratio. The compressively loaded joint shows that SAMCJ tends to predict an unconservative value for the failure load. 
Single Bolt, Single Lap
JOINT, SASCJ, and SAMCJ are capable of analyzing singlelap joints with a single fastener. Again, the JOINT analysis code performs an infinite width plate analysis so the results should be used with this in mind, The SASCJ and SAMCJ codes run relatively slowly, but they are the only codes capable of performing an analysis on single-lap joints. SASCJ requires the user to input 
FIG. 2--Comparison of analysis codes.
a bypass ratio or to look at a worst-case situation. SAMCJ does not require the user to input a bypass ratio, and it internally calculates this value. Both SASCJ and SAMCJ do well at determining the failure load if the user has a good understanding of the problem and the joint parameters. There is no capability to output stresses, strains, or displacements in the SASCJ or SAMCJ codes.
Multiple Bolted Joints
A4EJ, JOINT, and SAMCJ are capable of analyzing multiply fastened joints. A4EJ and SAMCJ are capable of accounting for compressive loadings. In all codes, the magnitude of the error tended to increase as the number of fasteners increased. This is shown in Table 3 joints containing at least two rows of fasteners with at least two fasteners per row. A4EJ is recommended for use in design studies of multiply fastened joints. JOINT has a relatively quick run time, and although the code assumes an infinite width plate, the code produced good results for some cases. JOINT is limited in the amount of output it can produce so it is recommended for preliminary design studies. SAMCJ is capable of analyzing many types of multiply fastened joints because of its finite-element based formulation. 
Conclusions
As increased emphasis is placed on the design of lighter, faster, more maneuverable, and less costly aircraft, there will be an increased emphasis on the reliability and accuracy of composite bolted joint design methods. In examining the relative merits of six composite bolted joint design computer codes, some conclusions were drawn. For all of the problems that are run, the user must check the input data against the problem definition. The user must also check the output to see that it is consistent and meaningful. The manner in which most data are input into the codes makes it easy for errors to occur. Usually, more than one analysis is necessary to completely solve a problem. The user must adjust some of the variables and look to see if the solution is appropriate for the given loadings, bypass ratios, and boundary conditions. In most cases the analysis codes tended to give conservative and, at times, overly conservative results. In general, most of the codes that were capable of predicting a failure mode did so correctly. With all of the analysis codes, it should be noted that only a few load cases were examined in this study and not all of the capabilities or limitations of the codes were exploited. A summary of the different programs, capabilities, required inputs, and the output data is given in Tables 4, 5 , and 6. Accurate results can be obtained from all of the codes if the user has a good understanding of the problem and the desired results. In all cases, several different analysis methods should be used to confirm all results. With the increased application of composites that are arising, work in the area of composite joint analysis should continue.
